Introduction

Background: "Offshore sands" of outer continental shelves
The concept of relict "offshore sands" was first introduced by Emery (1968) , who observed that sand belts were covering many continental shelves around the world, at water depths generally comprised between 80 and 120 m water depth. He noticed that they were not in equilibrium with modern shelf processes, and concluded that these deposits were deposited during and immediately after the Last Glacial period. Later, Swift et al. (1971) suggested that shelf sands, although too coarse to have been transported by present-day processes, are being reworked and resorted by waves and currents, and referred to them as "palimpsest".
In the Gulf of Lions, which is considered as a relatively low energy continental shelf, most of the authors still consider that the offshore sands are relict features, only the transgressive processes, at a time when sea-level was lower by about 100 m, being able to rework sediments (Aloïsi, 1986; Berné et al., 1998; Monaco, 1971) . However, ultra-high resolution seismic data, coring and 14 C dating, as well as numerical modelling of wind stress on oceanic circulation, allow us to demonstrate that a mobile carpet of sand is periodically active at the shelf edge, feeding slope and rise deposits and contributing to the episodic reworking of shelf morphology.
Among the studies dedicated to the stratigraphy of the late Pleistocene in the Gulf of Lions (Monaco, 1971; Aloïsi 1986; Tesson et al., 1990; Rabineau et. al., 1998; Tesson et al., 2000; Rabineau, 2001; Berné et al., 2004 , among the others), the present work concerns the definition of the post-glacial deposit geometry, as well as the distribution of sediments in relation with the latest Quaternary episodes and, in some cases, recent oceanographic events.
As a matter of fact, we think that the most recent sedimentary unit is still under the influence of events able to mobilize at least the upper part of the well definable transgressive deposits.
These consideration arise from the recently acquired data in the Gulf of Lions about the significant influence of cold water downwelling during winter storms on recent sedimentations (Palanques et al., 2004) . In fact, seasonal modifications in the thermohaline circulation in the Gulf of Lions related to the wind action (Cers, Mistral and Tramontane wind complex) have been observed and we propose that the combination of regional interannual variability in water circulation and local hydrodynamic conditions (wind and wave-driven circulation) might lead to strong sea-bed stirring up and sediment transport.
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In order to support this hypothesis and, therefore, to estimate the degree of preservation of the most recent sedimentation layer, a numerical model of bottom shear-stress, is here proposed.
On the other hand, the post-glacial unit interfaces are closely analyzed, combining sedimentological data (sedimentary facies and fossil content), radiocarbon dates and seismic features, to trace them on the basis of their distribution on the basal ravinement surface.
Regional and stratigraphic setting
The Gulf of Lions is a passive, prograding margin, located in the northwestern sector of the Mediterranean Sea bounded, to the west and east, by Pyrenean and Alpine orogenic belts, respectively. It comprises a wide (at least 70 km) shelf and a continental slope that is incised by numerous canyons descending down to the abyssal area of the Algero-Balearic Basin (Fig.1A ). This basin formed as a result of Oligocene-Miocene rifting (Gorini et al., 1994) and it hosted the accumulation of huge amount of clastic sediments forming a thick wedge (900 m on the inner shelf, more than 2 km on the outer shelf (Lofi, 2002 ) that makes up the outbuilding shelf.
The post-rift sedimentation was severely affected by the Messinian Salinity Crisis (Hsü et al. 1973) , when the sea level dramatically dropped (Ryan, 1976) and the continental margins were exposed to intense erosion (Cita and Ryan, 1978) . The Messinian unconformity bases the cyclically stacked Plio-quaternary bodies that have been object of investigation over the last 30 years by several authors that proposed a number of stratigraphic models (Monaco, 1971; Aloïsi 1986; Tesson et al., 1990; Tesson et al, 2000; Rabineau, 2001 , Lofi et al., 2003 , Lobo et al., 2004 . The last ca 500 kyr, in particular, display superimposed prograding wedges extending over the entire shelf seawards-thickening and pinching out landward beneath the 80 m isobath (Aloïsi, 1986) . They are interpreted as deposited during 'forced regressions', in response to successive sea-level falls (Posamantier et al., 1992) . They correspond to units U140, 147 and 150 in Fig. 2 Rabineau et al., 1998; Rabineau et al., 2005) .
The deglacial (post-Last Glacial Maximum) succession overlies the major erosional discontinuity related to emersion of the continental shelf during the Last Glacial Maximum (LGM). It consists of basal transgressive deposits, subsequently reworked, on the outer shelf, into dunes and sand ridges (U155; Berné et al., 1998; Rabineau, 2001 , Perez-Belmonte, 2003 overlaining the regressive prograding body. It thickens toward the inner shelf, especially on the Rhône prodeltaic area, between 35 and 70 m water depth (Aloïsi, 1986 ;
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Gensous and Tesson, 2003; Berné et al., 2004) . The shelf "relict" sands, whose distribution is shown in Fig.1A , were deposited from 80 m to about 120 m water depth, where they pass rapidly to marine muds. These sands were first described by Bourcart (1945) who called them "sables du large", an equivalent to the "offshore sands" of Emery (1968) . The transition between sands and muds is outlined by a distinct regional step in the sea-floor morphology, that can reach up to 20-25 m of height and can be tracked all along the shelf edge (Berné et al., 2002) . The sands are characterized by high carbonate content (25-50%), mainly due to a significant biogenic component (Got and Aloïsi, 1990) ;
Hydrodynamic setting
The continental shelf of the Gulf of Lions is a low-energy wave dominated area where tides have small amplitudes (a few cm) and associated currents are so weak that they cannot be measured (Lamy et al, 1981) .
The general circulation and hydrodynamic conditions result from the interaction with the atmospheric phenomena, determining the formation of dense water, up-and downwellings and oscillatory currents caused by winds (Tramontane, Mistral) and storms (Millot, 1990) .
One of the main components of the general circulation in the western Mediterranean is the "Liguro-Provençal-Catalan Current" or "Northern Current" which involves water of Atlantic origin, flowing southwestwards mainly along the continental slope and shelf break, following the continental margin. This current is characterized by speeds ranging from 50 cm s -1 near the surface and a few cm s -1 at a few hundreds of metres depth (Monaco et al., 1990 ).
According to Millot (1990) , the core of the Northern Current follows the continental slope most of the time, but the trajectory can be temporally altered during northwesterly wind, when the superficial waters tend to penetrate onto the continental shelf forming a current front that can reach 30 cm s -1 after the wind decay (Millot and Wald, 1980) . The hydrodynamic conditions on the continental shelf have a strong seasonal variability and the maximum current velocity is reached in winter (Millot, 1990 , Estournel et al., 2003 Dufau et al., 2004 ). 6 such as inertial oscillations (Millot, 1990 , Petrenko 2003 . However, the winds are not homogeneous throughout the Gulf and especially easterly winds seem to generate the most significant bottom stress, according the modelling, year 2001 (Fig. 3A) , despite their occasional occurrence (Fig. 3B ). In fact, the surface wind stress, which occurs as individual storm events lasting several days, can generate bottom currents able to transport sediment.
This has been demonstrated by in situ measurements on other continental shelves (Nittrouer and Wright, 1994; Drake, 1976; Drake and Cacchione, 1989) , as well as studies on the genesis of Holocene sand banks (East Texas, Rodriguez et al., 1999, Snedden and Darlymple, 1999 (Palanques et al., this volume) . On the other hand, the wave influence on the outer shelf can be neglected, since it results to be not particularly significant in bottom shear stress generation mechanisms (Ulses, 2005) .
In this work, we will focus on an area of the outer shelf and shelf edge, in the vicinity of the Bourcart canyon (Fig. 1 ).
Methods
The data were acquired during several cruises with R/V "Georges Petit", "L'Europe", "Le Suroît", "Beautemps-Beaupré" and "Marion Dufresne". During these cruises, we used several high resolution seismic sources including (a) a 700 Joules SIG sparker, (b) a towed "EDO Western" 2.5kHz sub-bottom profiler, and (c) an hull-mounted "Eramer" Chirp system. Swath bathymetry systems included a Simrad EM 1000 (on "L'Europe"), EM300 (on "Le Suroît") and an EM 1002S on the "Beautemps Beaupré". Cores were sampled with piston corers, vibro-corers, and the "Calypso" system onboard "Marion Dufresne".
Radiocarbon dates were performed on selected shells (Table 1 ) using both conventional radiocarbon method and accelerator mass spectrometer (AMS). The shells were collected from various part in the listed cores. Well preserved material have been chosen (as bivalves with the two valves). All 14 C dates are given in calibrated ages, using the Cal v5.1 version (Hughen et al., 2004) or the polynomial in Bard et al. 1998 , except for dates giving an age >40.000 years.
A correlation between the seismic units observed on very high resolution (700 Joules sparker) and ultra-high (chirp) seismic data and the post-glacial climatic/sea level changes was attempted. These data are "ground-truthed" by sedimentological interpretation of shallow cores (piston cores and vibra-cores), analysis of mollusc assemblages and 14 C dates.
Seismic lines and core samples that are shown in this work are located in Fig. 1B .
The hydrodynamics was modelled using MARS-3D (André et al., 2005) , a three-dimensional model in sigma co-ordinates, which solves equations under the assumptions of Boussinesq and hydrostaticity. It was designed to simulate the three components of the currents, surface elevation, temperature and salinity in coastal areas. The set of equation solved is well known and is given for example in Blumberg and Mellor (1987) . In order to estimate the erosion probability, the most interesting output of the model is the bottom shear stress (τ) that is calculated under the assumption that velocity profile is logarithmic in the turbulent bottom layer (eq.1)
(eq. 1), where ρ is the water density, κ the von Karman constant (0.4), and z0 the roughness length of bed surface taken as 0.0035 m.
The observations of simulated bottom shear stress for all the 2001-year show that easterly winds have the strongest effect on bottom stress, generated in the western part of the shelf after a few hours. Therefore, a simulation with a constant wind of 20 m/s from the east for the entire area of Gulf of Lions, has been run to determine bottom stress during high easterly wind events (wind directions seems to be more significant than wind intensity to force bottom circulation in this area, Fig. 3A ). Consequently, in this work, we do not consider the influence of N-NW winds since the bottom shear stress generated by these winds is estimated not strong enough for remobilizing sandy sediments.
Results
Morphology and seismic facies of post-glacial deposits
(a) Sand ridges-In the studied area, the major morphological feature is represented by the sand ridges, localized between 95 and 110 m water depth (U155). They have limited areal
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8 distribution, variable heights (up to 9 m) a mainly WNW-ESE orientation, as recognized on the bathymetric maps ( Fig. 4A ). They have an irregular topography and mainly show a linear, elongated shape. On the chirp profiles their surface is smooth, they form bodies of maximum length of 5 km and they rest on a major erosional surface (ravinement surface) that is possibly exposed beyond the ridge field (Fig. 5A ). The ridges have an asymmetric transverse profile (with the steepest slope facing the SW). At times, they show a nearly symmetric profile, but it concerns only the smaller bodies. They show distinct clinoforms, dipping in the SW direction ( Fig. 2 and 4C ) and some chaotic internal reflections (Fig.5B) , probably in relation with coarse-grained material diffracting seismic waves. However, some major erosional surfaces (discontinuities) can be recognized within the ridge, that may be related to storm events affecting the ridge growth, although they cannot be correlated from one ridge to another. These sand ridges correspond to seismic unit U155.
(b) the dunes were only detected when we used high-resolution swath bathymetric systems, such as the EM 1000 and EM1002S (Fig. 4B ). They have an average spacing of 130 m and maximum height of 2 m. Their great axis has a NNW-SSE orientation in the NE part of the surveyed area, turning progressively to NW-SE in the SW corner (Fig. 4B ). Their internal structure was not detectable considering their small size. They are classified as transverse dunes in the sense of Ashley (1990) and they clearly rework the shape of the sand ridges.
On top of the sand ridges, chirp and sub-bottom seismic profiles display a thick pattern of parallel reflections, that was first considered as the result of some ringing effect representing the pulse length of the seismic sources, instead of a real sedimentary layer. However, extensive coring (see next section) and bathymetric data (Fig. 4B ) demonstrated that a distinct layer actually exists at the sea-floor interface. All together, the dunes and the uppermost layers will be included into a new seismic unit named U160.
Sedimentary facies
Units U155 and U160 have been extensively sampled by vibrocoring and piston coring. The various sedimentary facies can be classified into three main types: (1) muddy sand facies, (2) sand facies and (3) gravel facies (Fig. 6 ).
The muddy sands (from medium to coarse grained) generally consists of a maximum of 2 m thick veneer of sediments (U160) covering U155. They are homogeneous and possibly bioturbated. They do not show bedding and contain abundant biogenic sand often concentrated into irregular layers.
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The sand facies does not show any structure and consists of sand (rarely muddy sand) with or without shells or shell beds. The sand facies comprises the sand ridges (U155), the sediments are medium to coarse-grained and moderately to well-sorted. The sand is dominantly siliciclastic with a minor amount of biogenic components (mollusc shell fragments). The shells that are found there are indicative of nearshore, shallow-water environment of a 10-100 m water range. Presence of reworked material is highly possible in this facies.
The gravel facies marks a sharp lithological passage with the underlying deposits, it consists of mixed clasts and biogenic fragments, often in a muddy matrix. The macrofaunal assemblage of this facies is prevalently a mixture of mollusc shells sourced from littoralestuarine (Mytilus sp.) to infralittoral nearshore environments associated with bioturbationdriven younger shells from deeper environments. These shell assemblages contain typical cold guests (Arctica islandica, Mya truncata, Buccinum sp), likely indicating the latest glacial age (Fig.6 ). In fact, the gravel facies is usually found at the transition between units U150 and U155, therefore it corresponds to the erosional surface that bases the post-glacial deposits (ravinement). The lithological passage between unit U155 and the underlying forced regressive bodies is always abrupt and easily detectable both on seismic profiles and on core sections (Figs. 5A-B, 6 ).
Chrono-stratigraphic constraints
Based on the numerous 14 C dates, it is possible to distinguish 2 groups of dates belonging to deposits that are separated by the ravinement surface situated between U155 and U150, despite the fact that some shells are likely reworked from older deposits. Under this surface, the forced regressive deposits of U150 are all dated more than 20 ka cal BP. Above it, the dates within U155 range from 15 ka to 12 ka cal BP. The uppermost U160 layer displays a very broad range of ages, from early Holocene (about 10 kyr cal BP) to recent (250 yr cal BP). The presence of a "modern" shell (1682 yr cal BP, core 93C4 in Fig. 6 ) at 145 cm below the sea-floor demonstrates the high amount of mobility of unit U160. In order to understand the processes at the origin of the mobility of U160, we utilized the output of the Mars 3D circulation model of the Gulf of Lions.
Wind-induced bottom circulation
Based on the statistical analysis of Fig. 3 , the easterly winds are likely the source of high shear stress in our study area. Therefore, we used a realistic constant wind velocity of 20 m/s, blowing during a period of 7 days, in order to evaluate the effect on the sea-floor. It turns out that, after one day, intense bottom currents can be produced in the coastal zone, as expected, but also in the westernmost area of the shelf and at the shelf break (Fig. 8A) . The maximum effect, occurring at the beginning of the events and showing tensions up to 0,24 Nm -2 at the sea-bottom, can be expected at about 100 m depth. The observation of the bottom currents evolution during several days demonstrates that the tensions progressively weakens during a 7-day period, and that the area where the bottom shear stress is the most intense progressively moves southwestwardly (Fig. 8B) . can be considered as "active".
Discussion
Bounding surfaces associated with transgressive deposits
Our investigation demonstrates that, on the outer shelf, the transgressive deposits only consist of a thin veneer (0 to 9 m thick) of sandy sediment resting on a marine ravinement surface.
These transgressive deposits rework the sandy facies that formed between Marine Isotope
Stage (MIS) 3 and the Last Glacial Maximum. The shoreface sands form a thick (up to 30 m) regressive wedge that was mis-interpreted by some authors as a transgressive parasequence (Gensous and Tesson, 1997) . In fact, the top of regressive deposits were reworked into transgressive dunes and ridges during the deglacial sea-level rise (Fig. 9) , making difficult the seismic and lithological distinction of the two units. However, the base of the transgressive deposits is clearly detectable on ultra-high resolution seismic profiles (Fig. 5 ).
In addition, 14 C dates, despites some age inversions due to reworking, allow to distinguish transgressive (<16 ka cal BP) and regressive deposits (45 to 20 ka cal BP). In between, timetransgressive erosional (or ravinement) surface made of coarse sand with abundant shells and
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11 shell fragments are observed. Similar erosional surfaces are reported in many continental shelves such as the Adriatic sea (Trincardi et al., 1994) or the Gulf of Mexico (Anderson et al., 2004) . However, because a relatively high energy situation compared to the abovementioned areas, the surface are more distinct in the Gulf of Lions.
Sand ridges formation and implications for sea level reconstruction
Active, "moribund" and relict sand ridges are described over most continental shelves around the world. If we have clear evidences for proposing that transverse dunes are still episodically actives, it is difficult to determine what is the status of sand ridges. However, according to some authors (see review by Berné, 2002) their spacing is an indirect way to estimate paleo-water depths at which they were created. Different equations have been proposed that link bedform spacing and water depth:
(1) H = 0.167 h (Yalin, 1964) (2) H = 0.086 h 1.19 (Allen, 1984) Where H is the dune height and h is the water depth. With both equations, we obtain a maximum water depth of about 50 m for ridge formation. Considering that present water depth of these features is between 95 and 110 m, and using a sea-level curve as that of The best estimate for the age of the ravinement surface in our study area comes from core MD992351, where a shell of Mytilus sp. yield an age of 15947 a cal B.P. The corresponding water depth is 98+1= 99 m ( Fig.6 and 9 ).
Sediment transport during late Holocene and modern oceanographic conditions
Sediment deposition on the shelf is related to the sediment input from land, topography of the sea floor and wave and current energy. For those sediments, subsequent transport can result from processes linked to occasional events.
In the Gulf of Lions, numerical modelling shows that oceanographic and meteorological processes can combine to generate ample bed shear stresses to move fine sands. Windinduced tensions during extreme meteorological conditions are capable of reaching the sea floor at the outer shelf depth (100 m approximately), producing currents that have an erosive potential and possibly producing bottom stresses triggering sediment transport on-and offshore, in particular down the submarine canyons.
A distinctive feature associated with the Gulf of Lions setting resulting from the modelling is that of shear bed stresses are mainly generated in the area where dunes are found (western outer shelf), whereas the flat mid shelf is weakly affected by the wind-induced bottom tensions.
This fact suggests that during extreme meteorological events linked to easterly winds (as showed in the model, Fig.8 ), the flow jetting is bypassing the mid shelf where the bottom shear stress is < 0,1 N m -1 , whereas, according to the model, bathymetric influence induces a rapid increase of bottom shear stress up to 0.24 N m -1 toward the SW outer shelf area. The proposed mechanism would imply a large remobilization of at least the uppermost sediment layer that blankets the outer shelf and this is actually the area where the draping unit 160 is detected on the high resolution seismic profiles.
Conclusions
The correlation between the seismic units defined on the outer shelf, the numerous sediment cores, and the sea-level curve allows us to establish a scenario for the evolution of shelf edge sand bodies (Fig. 9 ):
1. during the LGM sea level lowstand, the platform underwent intensive erosion and, at the onset of deglaciation, the landward migration of shoreline activated the deposition of a transgressive unit, based by a ravinement surface that can be followed throughout the whole outer shelf. Such a discontinuity is unambiguously recognized on the basis of characteristic seismic and lithological features and 14 C dates. This surface is dated at 15900 y cal BP at 99 m water depth;
2. the transgressive deposits take form of sand ridges that cover a portion of the outer shelf (U155). They usually show asymmetric transverse profiles (with a lee side toward SW). 14 C dates, core lithology and inferences from the depth of formation of modern sand ridges, suggest that they formed during a slow down of sea-level rise, around the Younger Dryas;
3. these transgresssive deposits are toped by a thin (<2 m) layer of sands or muddy sands (here called U160) that blankets the outer shelf, sometimes shaped into transverse dunes. Numerical modelling demonstrates that easterly winds can be at the origin of sea-floor shear stress sufficient for sand transport, in our study area as well as in the Western Gulf of Lions (where larger dunes are also observed). Therefore, these bedforms can be considered as "active" features.
4. The occurrence of strong energy events able to remobilize and transport sand from former shoreface deposits situated at the shelf edge is a mechanism for supplying sand to canyon heads, as observed by Gaudin et al. (this volume) . This mechanism, this part of the shelf is mostly speculative and, possibly, the U155 is exposed at the sea bottom. In the figure C, the U160 is more than 2 m thick, as also confirmed by the 14 C dates (see Fig. 6 ) 
